DOCOaBNT BB80IB 



BO 179 393 

AUTHOR 

IHSTITOTION 
SPOHS AGETNCir 
PUB DATE 
GBANT 
NOTE 



SB 029 297 

HaMilton, Howard B. 

Laboratory Manual for Power Processing, Part 1.. 
Electric Machinery Anal^yais. > 
Pittsburgh Oniv.r Pa% 

National Science Foundation, Waahingtcn, D.C. 
70 

^ NSF-GY-M1 38 

U5p.; For related docuneDts, see SB 029 295-298; Page 
16a removed du€ to ovcrsixe 



EDfiS PRICE 
DESCRIPTORS 



MF01/PC02 Plus Postage. 

♦College Science: CurriculuBi Developient; 
Electricity; Ilec^trosechanica 1 Technology; . 
Electronics: ♦EnaineerJing Education; Higher 
Education: *Latoratory Procedures; ♦Science Courses; 
Science Curriculus; Science Education; ♦Science 
Experisents: Scienx:e Materials 



ABSTRACT 

This publication was d6v«loped as a 
two-semester sequence commencing at either the ai*t 
of the undergraduate program in electrical engineer 
Univers^faL of Pittsburgh. The materials of the two 
by a NatxijPal Science Foundation grant, are concern 
conversion systems comprising power electronic devi 
elect ij^omechanical energy conve^rters, and associated 
configurations necessary to cause the system to beh 
prescribed fashion. The eaphasis in this portion of 
<Partj1) is on electric machinery analysis. This pu 
laboratory manual for Part 1, which presents eleven 
These experiments deal with transformers, direct cu 
cross field machines, J^ynchronous machines, asynchr 
and the speed-torgue curve of an induction motor* ( 
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Goneral 

. The first two lab periods will deal with transform ors and are designed to 
reJnfoVce theory you have had in previous courses* They will also give you fime 
to r*och a level of sophistication in your machinery lectures that will allow meon- 
ingful lab work on machines. 

The lab procedures and details of what and how you will perform in the 
lab are purposely vogue. You will be told what. In general, are to do. You 

will design the experiment and make up a plan to be followed in the lab In order to 
obtain the data you will need. * 

■ ' / 

The "data you will need" Is that data necessary for you to do an analysis / 
. of behavior based on the ^theoretical approach and compare It with the behavior yoJ ^ / 

observe In the actual machine. The comparison of theoretical and observed results / 
musF Include conclusions and explanations, if possible, of discrepancies. 

• 

* The plan referred to above will be accomplished prior to coming to the lab. 
It will include not only what but how you will proceed. You must have connection 
diagra>n^ reslstdr or rMeoskit ratings, Instruments (including ratings) that wllTbe u^ed, 
etc. ^ ^ . 

The laboratory plan willy be ^entered in a non-loose leaf type notebook. 
Data obtained as well as the wrlW up of what you do, observations and conclusions will 
also be kept In this book. Do not remove pages or erase if you make mistakes. 
Merely line through the erroneous data. ' • 

The reason for this is to encourage you to do neat work and to think before 
you act. It is the customary procedure in industry. Patents, court litigation, etc. 
may depend upon the lab notes you maintain while working in Ir^stry. 

Yo^J must obtain the lab instructors' Okay on your plon Ij^efore proceeding 
with actual lab work. 
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* ' ' TRA NSFORM ERS 

Experiment 1 

^. Transformer Ratio and Polorlty 

' The object of this experiment is to study the various connection ratios of 
tronsforw^tlonyhot can be obtairied with a multiple winding transformer. 

The reJotlve polarltytof the windings In a transformer must be known before 
proper series or parallel connections can be made. Such connections are used because 
/ tlvB primary or secondary sides of a transformer often have two windings, or because It 
may be desirable to make au^to-tronsformer connections'. 

Two colls are connected cumulatively when they magnetize the common part 
of the colls In the sqme direction, and differentially when the directions of magnetlza- 
: tion are opposite. If these colls are connected In series, with only one of them 

energized, the voltage appearing across the combination Is equal to the algebraic sum 
' of the two coll voltages. Applying this Idea, the relative polarity of the various^ 
windings, of a transformer can be determined by the use of a voltmeter. 

Proceed with the experiment as follows: ^ 

1. Dra^ 'a diagram showing the windings of the transformer with their 
terminal markings, and obtain all name plate information. 

2. To determine the various turns ratios, energize one winding of the 
transformer with its rated voltage and measure the voltages induced 
in the remaining windings. 

« 

3. By the method explained above, determine the relaHve polarity of 
all the windings. 

_ ;|r _ 

4. Energize the transformer at reduced voltage (I.e., 110 volts on the 
220 V side), and Insert a fuse wire in one of the input, linss. Record 

/ the voltages appearing across the output terminals when the two secondary 

windings are connected as follows: 

a. Series cumulative, 

b. Series differential, 

c. Parallel cumulative, and 
* . d. Parallel differential. 

> Jn the report, show a digram indicating the turn-ratios and polarities of 
all windings. Also, discuss the results of Part 4. , ^ 
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^ TRANSFO RMERS (Cpnt'd) 

Experiment' 2 . 

The Transformer Equi valent C ircuit 

The puipose of this experiment Is to determine the equivalent circuit cf the 
transformer. When this Is done,, one may calcyfate Imported quantities associated 
with transformer operation, such as voltage regulation, efficiency, aKd phase shift. ^ 
The same transformers as were used In the previous experiment will be studied here,, 
so that all the name-plate data should be knowrv. 

As one step In the procedure, the winding resistance of both the high and 
low voltage sides should be obtained. To do so, apply DC and measure the proper 
voltage and current, with the latter approximately equal to rated value. Devise 
a scheme for securing rated current. Keep in mind that-if these readings are taken 
at the beginning of the experiment, they correspond to the resistance at ambient 
temperature, and operating temperature. 

With the high side of the transformer excited, take the necessary data for 
an open-circuit test, at rated voltage, and for a short-circuit test at 50, 100, and 
150 per cent pf rated current. As a check, excite the low side and txike similar 
open and short-circuit data. 

% When taking the short circuit data, stort with a very low applied voltage, 
since very high currents will otherwise occur on, short circuit. Be sure to use current 
transformers throughout . 

Before coming into the laboratory, the student must prepare circuit 
diagrams showing th|i proper Instruments and their position. ^ Since high, currents may 
flow. It will be necessary to use current transformers with the ammeters and wattmeters < 
As always, shorting switches must be used. 

V The report of this experiment should Include at least the following: 

1. Calculate the copper losses In each wlndfng under no-load and 
full-load conditions and discuss these. ^ 

2. Calculate the core loss from the no-load .data. 

3. Tabulate' the following In per cent of their rated values; no-load 
current and power, core losses, and full-locid copper losses on both 
sides of the transformer. 

4. Calculation of the exact equivalent circuit parameters, based on 
the tests for both the high and the low sides. 
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Using the approximote equivalent circuity calculate the voltoge 
reguloHon for the following load conditions: 

a. Rated load at unity power-- factor^ 

b. Rated load at 0.8 power-factor logging, 

c. Rated load at 0.8 power-factor leading. 

CalcJiate the efficiency at the three values of current used in thi 
short-circuit test, assuming the power factor conditions given in 5 
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INTRODUCTORY COMMENTS 

MACHINES AND TORQUEMETERS 

The majority of the ex|ierlments In this course wtH utilize the "universal" 
• machine type of equipment and a few introductory comments are In order. A schematic 
diagram of the M-G set 1$ attached. Each of the laboratory sets consists of two^ 
Identical machines. The machines have a torquemeter unit in the coupling between 
the machines and a tachometer at each end. The ou#put of the torquem^er Is fed 
to a torquemeter exciter and read-out box. Connection Is made by a fou>rprt)ng 
plug. One tachometer Is 6 permanent magnet, single phase, alternating current 
generator operated over the linear portion of the magnetizing characteristic. Tliere 
are some a.c. voltmsters calibrated In rpm for use with this.- In some^ of our work 
we will be recording speed. We will then use the other tachometer > a small 
permanent magnet type d.c. generator whose induced voltage is proportional to 
speed. Soms notes on calibration of the torquemeter and the taghometer will be 
presented in what follows . 

Each Universal machine consists of wirtdings on the stationary member, or 
stator and the rotating member, o-" rotor. The windings on the stationary member are 
designated fl-fo and f3-f4. These windings are concentrated windings and the mmf 
resulting from these windings acts alon^ the same axis. Each of these windings is 
ijted 120 volts d.c. Thus the two windings can be placed in series by interconnecting 
' f 2 and f3 and excited from a 240 volt d.c. source. The windings on the rotor, or 
rotating member, are distributed. The windings are tapped at 120° intervals and brought 
o.ut through slip rings to terminals M^, Mo, and M3. The ather end of the rotor has 
a commutator and brush arrangement and the winding is brought out from the brushes 
through terminals marked A^ and A2. If we excite the slip rings with an a.c. voltage 
of 3 phas^, a revolving magnetic field is established. If the revolving field rotates 
backward at rotor speed, it is stcffionary with respect to the field established by the 
winding designated K we excitelthe rotor through the terminals A] and A2 

with d.c, the commutato'' serves a switching function and allows proper direction 
of current flow through the armature inductbrs. When the machine is rotating, the 
commutator switching renders the resulting field stationary. The magnetic field 
associated with this stationary fiakMs in quadrature with the field estqblished by 
the winding of the stator. Xnos we have a machine which can be operated on either 
a.c, or d.c, depending LpOn tbe external connection. It should be noted that, 
when operated as* an a.c. Vnachins, it is "inside ojt" compared to conventinal a.c 
.machines. ^ ^ 
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When we operate tfie,mochlne as a d.c. mbtor,we must either use a d.c. ^ 
starter or reduced voltage d.c. on the armature In order toTceep in-rush currertK within . 
a reasonable value. After the Initial irt-rush oi current, the rootor* stf rts gaining speed 
and the counter emf , wL^jrlf ' doNjelops. This serves to limit the curi^nt^ However, 
at 0 r. p.m. the resistance of the circuit is very low qnd a very high in-rush current 
would be experienced. The d.c. starter has the effect of putting full supply voltage 
across the field, or stationary winding this machine, and Inserting a res i stone e in 
series with the armature, or rotor. As the motor comes up to speed, the resistance 
in the amiature circuit is gradualfly decreased until eventually it Is qll removed." The 
other choice- is that we start with a yery low value of adjustable voltage across the • 
armature and gradually incre6se it as (,l^e armature comes up to speed. Ybu^will 
note that a d.c, starter is l>uilt into tfSe terminal panel and t>ie leads ore marked 
L^, L2/A and F. ' . ; ' - 

Schematically, the starter diagram is as shown below: 



L 




F 





\ 



\ in" this garter, , the mov^abl? arm, S, is held ia its ccw position (off\ 
by <a spring .i Whe^l S is moved to Stwd *1 ,;*bree .circuits are closed. Thd f^rst 
Wds.'from l.j thrsvlgh , throggH+h^ armature to The. second from Ll through 

F to the shbnt fie,ld^to I2 and the'-^hird from Ll through fhe eUctiomcjgnetic holding 
coll, M, to L.^! As\the mot9r'sp^4s up, arm ,S is advanced jo cut out in steps 
until full line. voltage Is acros^. the'^Vrnqture^ 'the resistance \^^As small re-jative ' 
to the resistance of fhh hording' coil and the 'sh)^. field. \^When all of.^R;^ is cut out, 
arm S Is held in position, at the fin.^l sf-bd by the' electromagne ic holding c6i\ 
attracting, the \soft irpn p^ef^ on S. If the voltc%e from the secure e falls to a lo\ 
value or. off fcompletdy, S IVV^released and the motor is disconnected. This feature 
IS referred to as^ "unde^ voltage protection". ♦ ' . 
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The moctiln© ixatlng 1$ as follows: 
poles: 2 

speed: 3600 rpjp max. 

field rating (each field): approx. 250 ohms ^ 
* ' 0,4 amperes 

"* ■ . ■ ^ 

armature rating: 

On A,C. (terminals M^,M2,M3) /N^ 

150 volts, 6,7 amperes per terminal 

On D.C. (tiormlnals ^\,^2\ 

240 volts, 4.2 amperes 

To operate as dn Induction motor, connect the fields in parallel (F^ to F3; 
^2 ^4^ qci'oss a 1000 ohm resistor. c 

On vthe front of the part«^_there are four circuit breakers - two on the 
left and two on the ri^ht. One on eacl^*ide is mdrked a.c, and one is marked 
d.c. Thena.c. jclrcult breaker Is In series with the terminals Mi,M2and M3 and 
. the d.c. circuit breaker Is In series ^vlth terminals A] and A2. 

^ ■ • • . 

These machines are rated 1000 voltomperes. Therefore all your laboratory 
• \piarJnlng should mq^ note of this and you should choose power supplies, meters, 
f.esistors^ etc. to Insure .that the rating is not exceeded, on a continuous basis, 
flowever. It may >e deslr-able to go as high as 150% of rating for short times. 
The jabor^tofy Instructor will discuss this lo detail. 



TACHOMETER .CALIBR ATION . • 

\f is permissible to bbserve j(peed by using one of the callbroted a.c, 
vol f meters marked In thousands of r. p.m. If the speed Is to be recorded. It will 
be nec^^ry to use the d.c. tachometer with the recorder. In tlils case It* will 
be necesfciry, that the d.c, tachometer Is qallbroted and tbii Is best done by using 
the a.c. meter as a speed reference or by using o^strobotoc. This- would result 
In a conversion foctor relating recorder input voltage, or divisions, per r.p.')»)., 
or thousand r.p.m* You must use a filter, as described below, to filter out the 
noise voltoge. ' • . 

TORQUEMETER CALIBRATION 

Various read out devices cOn be used. If a pen recorder^ or CRO are 
used, the output of the torqu<jm«ter must, be filtered. The general filter has rhe 
following configuration. 



o. 



^V^"^ ^ r «^oov-<l€^-' 



€. or 



NOTE: If a voltmeter read-out is used, <the Fi^put Impedance must be greater than 
20K ohms per volt. Approprlatfi ranges are 0-1.5/0-5 volt d.c. The 
black terminal may be connected to, the lab ground to reduce pick-up. 

The lorquemeter should be collbrcifed before each e>^eriment, using the 
following procedure: - ^ 

I 

!• The Torquemeter should be a Mowed to warm up for about 10 minutes 
before it is used^ 

2. For most laboratory experiments^ the "gain" adjustment knob should 
be set at maximum, i.e.,' turned fully clockwise* 



3. The bias knob should then be adjusted 50 that the reod-ojt meter 
has any suitable voltage peading for zero torque, preferably zenD. 
voltage* 

4. At zero torque, it will be found that the Torquemeter'^ reading 
varies, ^\\h rotor position, over a range of abojt - 0*03 volts 
due to bearing friction induced torques* The reading for zero 
torqv^ should, therefore, be determined by hand turningfthe 
rotor in both directions and selecting the m«Mn value. 



M 



9t* 



5* Insert the rotor lock bor on one *lde of the torquameter element 
an3 the weighted rod on the other In the holes provided. Read 
the meter and the scope to determln* a scale factor, so 
many ft*-^lbs. per volt, or division. The devices will then read 
linearly over a ron^e of ^ 8 ft. Ibs^ ^within 5%). 

'6.* If, for ony reason, the gain setting Is changed, the bias voltage 
for zf0> torque must be readjusted aod the calibration of the 
tprquemeter must be repeated. ^ 

NOTE: A gain of approximately 0.3-0.5 volts per ft. -lb. should be obtained. 



/ 
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DC MACHINES 



Exporiment 3 



The object of the next three experiments will bo to compare obj^rved 
performanee of op octual d.c. machine with the performance one would predict 
frorp the linearized equations derived In the lecture and using values of machine 
porameters, 6r constants, determln^ frgm test results. 

- * In order to do a mathematical analysis, you will need Information on the 
variou* resistances. Inductances, the friction and windage loss, and the, moment of 
Inertia. 

Measurement of Resistance and Inductance . ^ 

The resistance as measured between the armature terminals of a DC machine 
Is comffosed of two distinct components: one component Is the resistance of the copper 
winding, and the other Is the combined resistdnce of the carbon brushes and the brush 
contact. The resistance of the copper is Independent of current density and hence Is 
constant (piovlded the temperature is constant). Except for very Jow or very high 
current densltites the resistance of the carbon varies approximately Inversely as the 
current density. Typical variations of these component resistances with respect to 
current density, together with the sum, are shown by the curve immediately below. 



J. 



0-C ' 



0.^ 



0,-2. - 



0\\ 



l^^.v^-VcMc^ 0-f confer fUs c^cv-h^ bra^K^s 
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The fact that the total armature resistance drop linder changing load condi 
tlqns is variable makes It desirable to separate this drop into brush and copper compo 
nenfs. If the resistance of the carbon bursh In contact was inversely proportional to 
the trrmatune current, the brush drop would be constant regardless of armature current 
and the bi'ush drop line^would be horizontal when plotted against current* However, 
this drop Js not constant* The Variation fot a typical machine under running condi- 
tions, is shown immediately below. 




The Institute of Electrical and Electronic Engfneers standards state that 
the total positive and negative brush drop (carbon brushes with pigtails attached) 
is Jo be token as two volts* One volt is for the brush set to which current is in 
thAarmqture and the other is for the brush set through which current leaves • This 
wqJld indicate that the brush drop for all machines is two volts. Such is not the 
case, however, under typical opierating conditions of brush pressure and temperature 
the combined drops for posit rve and negcttive brushes may approach as high as four 
volts. The brush drop current obtained with the machine running i$ also different 
from that obtained with the oirmature stationary. The test circuit for measuring 
the brush drop is as follows: 



12 
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4 » Va>^^^\\.^ 




The voltage drop across l+ie armature terminals and t|»e, voltage drop across 
the copper winding for the unlveral typ« mafchines was measured with the armature 
stationary , for various valuAs of armature current ranging from zero to about 125% of 
rated full load current. The winding was allowed to come to thermal equilibrium 
before beginning the test so that the temperature changes during the test were 
negligible. This Was accomplished by passing current through the winding for a 
period of time prior to the test. Th^ rotor was blocked so it did not tend to 
accelerate under the influence of residual magnetism. The test Information obtained 



was: 



«a ' 




V2 


2 


7.2/ 


7.6 


4 


13./ 


14.2 


6 


21. B 


21.8 


7 


..22/8 


24.3 


8.7 


28.1 


29.6 



< / 

From this information, calculate r^, armature circuit resistance and a more 
or less constant value of voltage drop across the brushes To subtract from the applied 
voltage. The net voltage is the voTtage that is actually impressed across the armature 
of the motol 

The inductance of tlxr machine was measured in a simi^ar fashion by using 
Variac, rathen than a DC supply, and energizing the' same kind of circuit (as used, 
wr resistance measurement) from a 60 cycle source. From readings Vj and \q it should 
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be possible to calculate the impedance of tbe grmafure circuit. Based on the infor- 
mation taken from the resistance measurements, you can then calculate the 60 cycle 
inductive reactance. This cap be then converted Into henries of Inductance. 

The a.c. readings were: (at 60 cps) 

la ■ V, 



1.0 



20.3 



From this information calculate Lq. 

• In order to determine and Lf, a step voltage was Impressed on the 

winding f^}-^2 ^^'^ windings). The circuit 

used for this measurement was as follows: 




1 .ri- 
-AMAr" 



— O 



V 

Data obtained from the recording ts: 



^ time, seconds V^. 



0.04 4 volts . 

0.08 5.5 
0.16 6.9 

0.24 ^ 7.8 
0.32 8.2 
0.40 8.5 



From this dato, ^find r^, Lf • 
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^ The above should be accomplUhed prior to coming to the labo'^tory. The 
lab Initrocfor will dUcuts the physical configuration of the machines before you 
commence, lab work. . . 

In this lab f^rlod, you will mj^sure the frlcjlon and windage, torque 
(mechanical), the moment of inertia of the set, ond the valu« of Ljf. 

* ' .-■•./ 

Measurement of Friction and Windage 

The torquemeter measures torque transmitted yla the shaft which connects 
the two machines. If the field of one machine 1$ unexclted or unenerglzed, the 
torque measured as the speed Is vorrled from zero up to, sdy, 2000 rpm will enable 
you to plot T|:^^as a function of speed. This information will be necessary when 
you determine 4, the moment of inertia. For this "no load" test, connect the 
machines as shown. 






A. / 



2. ^ lAA OLCU IM>f. 



4 



In the 
in the 

should 



Speed is varied by varying the external resistors. Increasing the resistance 
arm'3ture circuit tends to slow the driving machine down, increasing resistance 
field circuit speeds it up. From the steady state performance equations you - 
be able to figure this ciutl 
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Measurement erf Inertia 



If you hqvo measurod T^:,.^ you can assi/me that the totaf Tf.^^ (*»')(for the 
two machina5)'is twice what you meosored for the single unit (the ^machines- are identical). 
Now, If you have on© machine driving the^complete set atid y6u deenerglze It, it will 
coast to a stop. The Tf4.^(w) is the torque that caiJ^os U to retard in speed. 
Mothemotlcally, for this situation; \ . 



J ^ f (o)) - 0 



or 

J = - ~?no 



T^t 

for small increments of If you. record w (t) after deenergizing, you can find — and, 

from corresponding to w over the interval, calculate J. 

f+w ' . ' 



Measurement of L 



df 



The d.c. sKunt connected rxwchine (Corresponds to a generalized machine 
except there is no G winding nor is there a D winding. T[ie F winding corresponds 
to the field winding aid the Q winding corresponds to the armature winding. The 
generalized equations become, from (111-99) through (111-108): 



n - Vf ' Lf 

. di^ 

where the subscript "a" is used (for bVmgture) rather than q. 
If the field current is constant. 



• - 

^ Ir 

and if the ajViature circuit is on "opfen circuit", i.e., i^ = 0. 



„ . Q' ^ dff I 

Thps by measuring w , v^, and if we can obtain Ljj:. This is to be done 

for values of w corresponding to the range from as slow as possible up to around 
2000 rpm. . . ^ 
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. DC MACHINES (Cont'd) 
Experiment '4 

Traniient Behavior of the DC Shunt Motor 

' ^ 

Bated on the machine data you have obtained thus for^ you can obtain the 
theoretlcol performance of the d.c. machine connected at a seporotely excited thgnt 
motor erterglzed by a step function voltoge Impressed on the armature « We cannot 
obtain a step function of voltage using o d.c. starter box because It Inserts resistance 
in steps* We connot Impress rated line voltage because of the high Inrush current. 
In order to keep the Inrush current to an acceptable value (5-8 times rated) we will 
energize the machine with reduced voltage. We obtain this reduced voltage by 
means of rectification of a three phase supply. We will use, for the supply, the 
3 phase/ 4 wire 120 volt (llne-IIne) supply in the Iqb* Our rectifier, a half wave, 
3 phase, rectification Connection, 1$. as follows: 




The 1N1203A rectifiers are rated as follows: 



max, peak reverse voltage 

max. forward current 

max. 1 cycle pedk surge current 

forward voltage drop at 12 amperes 



300 volts 

12 amperes average 
240 amperes 
1^35 volts 



Note that each phase rectifier will, conduct current only when the potential 
of that particular phase is greater than that of the other phases. As that pha$e voltage 
decreases, the next phase voltage will be increasing and the current wilt transfer to 
the increasing phase when the increasing phase voltage exceeds that of the previously 
conducting phase. Thi« can be shown graphically as follows: I 
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PAGE 16a '^SKETCH OF THE SCHEMATIC DIAGRAM FOR THE UNIVERSAL 
MACHINE MG SET" REMOVED DUE TO OVERSIZE. 
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The recHfier in phase a conducts during the period: 

Vc <. Vq and until ^ v^^ 

conduction ends when: 



or: 



sin ^ = sin (wt - 120) 
sin w t = sin w t cos 120-cos w t sin 120 



Now; 
and* 



3 "3 

- sin wt = cos w t 

2 2 

sin 150° = 1/2; cos 150^ = - — 

2 



The rectifier conducts for 150° - 90^ = 60° beyond the maximum value of 
phase a. By symmetry, it conducts 60° before the maximum. Thus each rectifier 
conducts for 120*^ of each cycte. The average voltage (d.c.) cort be calculated as r 



2l 



I 
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1 



V, 



3/5 3^ 
sin u,t d^t) = ~ V_ = TT V 



If th© line to lina voltage h 120, the line-neutral voltage is and the 
overage, value of d.c» voltag(e 1$: ^ /3 | 

' »The. peak Inverse voltage Is a very Important rating of diodes that must be 

observed. In order"' to determine the peak Inverse voltage" that v/lll be Impressed upon 
the diodes^ Ip tbls^4|^nnectlon, note that when the recttfter In phase a Is conducting, 
the vol tope on t^U anode In phose for exomple, is negative ♦ This Is inverse, or 
reverse voltage* \ ^ 

. Its magnitude Is; 

Inverse voltage - v^ 

= V /sin lot - sin (wt - 240) 
to find the maximum, or peak, denoted as PIV: 

d( Inverse Voltage) ., ^ ., / ^ oacw - n 
i^D ^ - cos (a)t - 240) - 0 

or . . 

cos u» = (cos a*)(co$ 240) + (sin (i)t)(iin 240) 



3 /3 . . 

2 cos 0) t = - ^ sinw t 



from which: tan w f = - /3 
and : ^ 

Using^ this valua « 



t = 120'' 



' P|V - ^ 



^Note that we will have a "ripple" voltage of fundamental frequency which 
is three times that of the supply frequency ♦ . 
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\ Grounding Precautio^js 

Jn using the recorder to rtecord various variables which wef desire, it will 
be necessary to be careful in connecting the "ground'||^termlnal of tFi|e j-ecorder to 
make certain that we do not connect two suppose^ "groundflr** which ore actually at 
different potentia^, 

i 

In order to compare actual transient performance with theoretical performance^, 
you should wriTe and solve the theoretical equations using parameters from Expeilment 3. 
In this period we will obtain the actual performance* The supply and recorder should 
be connected as follows: (Grounded low signal circuits are required for noise consider- 
ations). 




At t=0, with all resistance removecf from the field of the motor, close the 
rectifier supply switch and recordco(t), «a(0/ T(t), and Vj^^. Plot both the 
experimental and theoretical results^on the same sheet; account for discrepancies. 



DC MACHINES (Conf'd) 



- • Experiment 

DC Shunt M(4[fetea cjy Stole Spe erf-Torque Choixicteristtc 

^Connect the motor to the regufiir 250 volt supply (wat^h "grounds" on 
your Instrumentation) through a cLc. starting box and wJth^ variabte rheostat- (say 
0-10 ohms) in series with the armtfture and a 250 ohm rhe/stat in the field circuit. 
Connect the other machine as a generator and arrange to load It by connecting a 
load Jbank across Its terminals • Then moke several runs to determine the steady stote 
speed-torque characteristics of the mofor under various situations. For exomple, 
make runs with both rated and decreased armature voltage, with and without 
external armature resistance and with various volues of field current* 

Use your imagination in devising the exact situations you will e)lamhie. 
The main idea is to see the effect of varying the various parameters on the steady 
state speed-torque characteristic of the motor. Compore your test results with 
analytical results. 

» 

Always make certain that the field circuit is energized when connecting 
the armature lo the supply. Also, note that the starting box cannot be used when 
reduced voltage is impressed. Why (?) Discuss these points in your lob report. 

' It is appropriate at this time to consider further the problem of grounding 
and ground connections involving the lab power supplies and instrumentation^ 

The lab voltage system is as follows: 





L 



'3-o^ Livi-e -Lin^ 
Go M 
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/ If it is desired to record f^eld current of a d.c. machine, such as one of our 
lab rmitors, some means-must be devised to energize the,arm3ture and starting box from. 
250 V (because that is the rated voltage of the holding coil In the starter) and yet have 
a grounded supply (125 v) to the field circuit. This can be done with machines which 
have two shunt fields normally connected in series with 250 v. Connection is made 
to Li,L^ and A. This puts 250 v on the starting box holding coil. The field 
windings are paralleled and connected between L2 and ihe "center tap" or ground ot 
the d.c. supply. Since we are working with low level signals into the recorder the 
grounded input connection is desirable to reduce "hum" Such a connection is shown 
below: ■ ' ' 



0 







ft 



Cou'frv/ 



^ It is. often necessary to exercise ingenuity in arranging instrumentafioo , 
It is always necessary to exercise cautjon in connecting grounds! 
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DC MACHINES (Cont'd) 
^ Experiment ^6 

The DC Shunt Connected Generat9r 

» 

This experiment will ena)>le you to see how the machine behaves when, 
connected as' a generator. Conpect ope mathtne to run as a separately excited d;c 
motor to be started through a starring box. The other machine will be connected' as 
a separately excited d.c. generator with provision to adjust ge^V^tor field current. 
Obtoln steady state characteristics of terminal voltage vs. load current as load^ls 
varied from zero up to a value which yields about -150% of rated load current. 
Exornlne the effect of vqrlpus field excitations, etc. Also^ connect up and record 
transient data pertaining to,jbe switching on of fyll lood when the machine ($ 
Initially unloaded. Use your l mag lhatlon in designing your experiment so that, you 
can obtain daflJi which you can compare to analytical analysis and from which you 
can draW meaningful conclusions. 



^ CROSS FIELD MACHINES 
Experlfnant '7 
Determining the Twnsfer^ Fun^ 

ThU portion of the laboratory wort< Will concern Itself with a "cross 
field" machine (metadyne) which Is compensated and goes under the trade nome 
"Amplldyne". The block diagram for the Amplldyne Is based on equations (V-27) 
through (V-30). It Is: ' ' 



0 













./On >'« 
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The transfer function for the Amplldyne is, from the block diagram: 

Ia(s) KdKq 1 



where: 



"^f ~ rf ' ^1 R. + r 



Thls^^nsfer function was obtained under the assumption that: 

a) the transfonner voltages induced in one winding by current change in 
^an9ther winding are negligible. 

b) the time constants associated with the d,q, windings are negligible. 



c) rj « \. 

We can determine the transfer function for the. output voltage as a function of 
Inpuj^ voltage by multiplying the function ^-^y by jj^ which is the transfer 
function of the load. In our lab work, we will use a pure resistance for load, 



. 24 , 

i.e. Li = 0/ This will result In ^ 0 and we will not mask exceptions to the 

:, w . ■, - 

a«sunnptton$ we made In deriving our function < r-r » Wb will be able to see how 

closely our linearized simplified model transfer functl2>n approximates tbe actual 
transfer function. Thus: V - ^ 

^aW ^ __*Vq 



In the steady state, for wtf '^'^1 and sinusoidal driving function, this 
ratio approaches the value: 

/; s = K', for w < < T- 

RecatI from control theory that. If wjf <<1, there Is negligible pl\pse 
shift (or very nearly 180^ shift) and thus the ratio of the instanfaneous values Is 
also the ratio of rms values. 

Therefor 

rms 

Vr 

t rms 

V 2 
_ g rms 
Power output - 

2 

D • , ^ f rms 
rower input ; — 

""a rms 'f ^ ^,2 'f 
Power gam = --j^ K — 

L Vf L 
r rms 

To obtain the value of Tf (and other time constants actually present within 
the machine) we will obtain data necessary to make a Bode plot. 

First, the connection diagram to achieve this will be indicated. We will 
then discuss the Bode plot theory. 



To^ind the power g^jnn/ note fhat 




The connection diagrart) is as follows: 



2* 



25: 



/ / 





F» Ft. Ft Fu 



lev . 



, HP XOIL^ 

7^ 



V — 



J 



The Amplidyne 1$ rated 250 volh^ 500 want output* Therefo*'e rated load 
is 125 ohms. The function generator will go dowrr to 0#01 hz and can provide either 
square, triangular or sinusoidal wove forms* We wilt use sinusoidal because that is 
the form tipon which the theory of the Bode plot \% based. After obtoining a callbra-* 
tion on the, set up (so many divisions of recorder deflection corresponding to so mdny 
volts) we will be able to' obtain v^(|(o) and V|:{ju>)« This enables us to make the Bode 
plot and determfne the value of K and the time constant(s) of the machine. We will 
examine the response in the frequency range from 0.1 to 40 hz. in accordance with 
the following theory. 

Recall that, from circuit theory. If the driving force 1$ fit sinusoid we can 
obtain the relationship between Input ond output of a device by replacing s In the 
transfer function with jco. The transfer function then becomes ! 



Va(i") 



K' 

1 + ^ 



Suppose in general we have a transfer function 



W({w) = 



(1 + I T2<*')(1 + I T3<*>) 

2^ 



This )| a complex vtirlable expression which cdn be wrlU'en: 
If the Inpu^ to the system Is: 



,(10.) = IriM ci-* ' 



and the output Is: 



then: 



can be wrlttert as: 



The rtitlo of the mognitude of output to Input Is the magnitude |w(}a))j 
and the difference in phase angle^ i.e*, the phase shift is equal to the phase a 
associated with the system itself. 



The relationship between the magnitudes can also be expressed as (forth 
general case above): < * • 




= 20 log 



10 



By definition, the term on the left side is syitem gain tn decibels. We 
will abbreviate this as 



20 log 



10 



db 



Then: 



?0 
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We can obtain tha valua Gjjj by ploHlng Individual terms on the right 
side and graphically adding them. The grophlcal pipt will be $y$tem gain In 'db as 
the ordinate against log^Q . 20 log^o'*' independent of w and plots as a horizontal 
llnei Thus:' 



t4. 



CO 



For the other terms, note that 

10 log^Q (1 + (T^w)^] 0 as u)-* 0 

^ 20 log^Q wT^ asw ~ 



On a log ^ scale, 20 log u)T^ is a straight line of slope 20 db per 
de<;ade (unit of 10) of log w. It intersects the zero db axis at: 



1 



We can approximate 10 log^Q (1 ^ w T^2) \\^^^ follows: 



cib. 





0 ^ 



•5^ 
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Th« plot for fh« oth«r fdrms would b« .timilar Axcttpf the slope would 
!>• n*gaHve rbfhor fhan potiHv«'. 

If w« had an ^xperlmefrftcil reipons« cu'rve, at shown b«low,- we could 
une the above development to "work backward" and obtain the trantfer function. 



CO. 



We would consider the actual curve to be composed of four separate 
and distinct curves, ^hu$: ] ' 



J ^ 



CO 



\ 







=^ 20 log 



10 



K 



^2 ''^a 

=co~ 
o c 



After determining the values T^,T2/T2 and K we can write the transfer 
function I Thus, we can use this technique to determine the transfer function of the 
amplidyne, « c 
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In our experimenKil $<rt-up, o$lng a pure resistance for a load we would 
expect only 1 break point In the frequency response curve If our assumptions were 
completely correct. If we determine that there are additional breakpoints, we 
cdn determine the time constants we are neglecting. Discuss this completely In 
your report of this hb work. What Is the time constant we are neglecting? 




33 



ERIC 




state ore: 



and 



where 
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SYNCHRONOUS MACHIN0^ 
Experiment 8 
Alternator Parameters 



The eqOattoni which describe the synchronous alternator in tKe steady 



"Ldf If 



/5 



Vj^' = terminal voltage, . rm$ 
I = armature currenf ^ 1 'n * 

r = armature resistance 
I J ~ d axis component of 1^ ' 
'q q axl< component of Iq 

= direct axis synchronous reactance "*^Lj 

quadrature axis synchronous reactance '^'^^Lq 
= excitotion voltage 
i^ - field current 
0) = angular velocity of the rotor 

L If ^ mutual inductance between d coil and field coil 
Note that the parameters required are: 

Ld. r and Ljf 



\ * 
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The Institute of Electrical and Electronic Engineer! Publication 'll5, * 
Morch,1965, entitled, "Tett Procedures for Synchronous Mdchlrtw" detalli vdrlous 
test procedures' for determining these, os well as other parameters. In general, 
only the details of the test are presented In this publlcattpn. Therefore some 
theory wfH b» developed here In order to aid. the student In making the tests. 

The armature resistance can be obtained by measucing the 1R drop across 
fhe winding when the winding Is energized from a djrect current lource. The current 
value used should be#hat of approximately rated value and the winding should be 
bfought to thermal equilibrium before the readings to be used for calculation are 
taken. The resistance, as measured, can be corrected to the resistance at a 
specified temperature by conventional procedures. -Note that the lab machines 
are delta connected. The apparent resistance, R^, and the phase resistance, 
r, are related by: ^ 




R =''<2'-) 
m r + 2r 



or: 



r = 



3^m 
2 



L .r is obtained from the "open circuit saturation curve". If the armatir e 
1$ on "open circuit", 1^, Ij and Iq are zero and, from the steady state equations, 

ra " ^ 

The "open circuit saturation curve" Is * curve of armature terminal voltage 
(on bpen circuit) as a function of field current when the machine is running (being 
driven) at rated speed. If saturation were not present, this curve W3 uld be d straight 
line. However, saturation is present at higher values of field current and the curve 
does bend over reflecting the effect of saturation. 
\ ^ 

V Wiring Diagram 8-1 depicts the connection diagram used to obtain this 

characteristic as wel| as to obtain the "short circuit saturation curve". 

The figure below shows typical open circuit and short circuit saturation 
curves. If saturation was not presertt, i.e., no iron, only air, the open circuit 
curve would be straight. Therefor/, a straight line extension of the actual open 
circuit characteristic Is referred to as the "air gap line". 
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The sharl' clrcull' saturoHon curve Is obfalned by driving the machine 
being tested of rated speed with the armature short circuited and recording armature 
and field current for field current values over the range from zero to 125-150% of 
rated vl^Cilue. Note that readings are taken for short circuit currents In the steady 
state, i.e., qfter any transients associated with the change in if have decayed out. 



If Xa >> r, Iq tags Ef by 90^ and 1^ = 1^. Also, on short circuit, 
^a ^* Therefore * , 



V 



and 



""^^'d > 'd 



''>2 'd 



Since the open circuit saturation curve is Ef for a specific If, and the 
short circuit saturation curve is 1^ for a specific excitation, the . ratio - 



in the typical curves. The values shown would represent an i/nsaturated value of Xj 
because the level of excitation is below the ''knee'' of the saturation characteristic. 



. 1 
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Section 3.05.35 and 3.05.50 In IEEE * 115 gives details on conducting 
the tests. Section 7«T5vlO discusses the determination of Lj from these characteristics 

< 

Section 7.20.05, AO, .15 and e20 give defails on the test procedure 
for obtoining L^^ The most common method of determining Lq is use of the "slip test" 
In this* test, the machine is driven mechanicolly at a speed slightl y different from 
synchronous speed with Its field winding open aiW with balanced polyphase voltages 
of the correct phase sequence (same direction of rotation of the armciture as for 
the field) applied to the armature* 

In order to reduce reluctance torques and permit very small slips, the 
applied voltage should be a fraction of the rated voltage. Wiring Diagram 8-Z 
shows the connection diagram to be used for this test. 

Because of the slip between the revolving armature field and the 
excltatjon field, the armature mmf wove glides slowly past the field poles (at 
slip speed). When the armature mmf wave is in line with the axis of the field 
poles the impedance of the machine \^ the d axis Impedance and fs a maximum. 
One quarter of a cycle later, the axis are in quadrature and the impedance 
equals the q axis impeddfhce and is a minimum. If recordings, or oscillographs, of 
armature current and terminal voltage are obtained, the ratio of X^/Xj is obtained.* 
Lq can then be determined from: 

X 

d 

The values of the transient and subtransient inductances and time consents 
as required for transient response analysis can be determined from the short circuit 
currents recorded as a function of time. References In IEEE *115 for these quantities 
are: 





7.25 


Xd 


7.30 


X" 


7.35 


q 




Tdo 


7.65 


'6 


7.70 


^do 


7.75 


^d 


7.80 


To 


7.85 



The laboratory instructor will demonstrate sudden shorf circuit tests and 
recordings of armature current as a function of time will be made available. 
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In this lab period, obtain data necessary to deterrt^ne r, Lj, Lq and 



In the lab report, calculate the parameters required for steady state 
analysis and from the sodden short circuit recordings furnished by the Instructor, 
calculate and * 



/ 



\ 
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SYNCHRONOUS MACHINES 
Experiment 9 
Synchronous AitTnotor a nd Moto r Characfe rUHcs 
Voltage RegulaHon 



Arrange to drive the synchronous machine as dn alternator driven by a 
d.c motor. Connected rated ohmic resistance load across the termlnols and ad|u$t 
the field excitation so as to obtain rated terminal voltage. , Make certain the 
machine is drfven at rated speed. Observe the voltage, current, and e}(:citat]on. 
Switch the load off, bring the speed back ta rated, and observe the terminal voltage. 
The observed voltage regulation can be calculated as 

% Volt. Reg. = Vno load " ^full load 

^full load 

Compare this value with the value you calculate using machine parameters 
measured in Experiment 8. ' 

. ' 'V 

Synchronous /Vbtor ExclfaHon Characl-erisHcs 

Connecf fhe machine to run 4s a synchronous motor driving a d»c. generator^ 
The scheme wiJI be \o maintgin consfaVil- jpower load on the shaft of the synchronouB 
motor whiJe the excitation on i-he njjotor is varied from minimum (and still maintain^ 
synchronism) to maximum value (all external resistanc<6 rettioved). Do this fdr at . 
least two values of constant shaft power,. Read and record d#c. generator power output. 
Synchronous motor line current, field current, and terminal voltage* The data obtained 
con be plotted as "V^ee" curves • the«e> cOrves illustrate the very important characteristic; 
of the synchronous motor whereby, the motor appears to the source as being either 
inductive, resistive, or copocftive-^pertdirtg upon field excitation and load. 

Discuss this in your report. 
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ASYNCHRONOUS MACHINES 

Experiment 10 

Atynchit>cK>ut Machin F requency Convert ers 

This Experiment t$ designed to demonstrate the relationship of the revolving 
rotor and stator fields In an asynchronous machine. ^ Recoil from the lecture theory that 
the rotor and stator fields njust be stationary with respect fro each other. Speed voltages 
are induced in the rotor of magnitude: 



and of frequency 



where 



V = a V 
rotor stator 



f = o f 
rotor rotor 



(9-1) 



(9-2) 



0) 



o = slip 



stator ^mech 



0) 



stator 



(9-3) 



and 

u) = angular velocity 
with the subscript notation denoting rotor, stator or mechanical speed. 
From (9-3): 



^ ***5t0tor '''mech "stator 



Now: 



^ stator " p 



P 



From (9-5): 



a u) 



stator rotor 



Thtt-.fore, fhom (9-6) and (9-4) 



(9-4) 



(9-5) 



(9-6) 



0) +0) I =s 0) 

rotor mech stator 



(9-7) 
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SInc«4)^^^^^ ti th« ip««d of th« tx>tor field wWi rMp«ct to tli» rohor, the rmf_ ipeed 
of th« rotor fl#ld with r«»p#ct to a ttatlonory ref«r#nc«, l.«», th« itator, is w^j^j^^' .. 
th« h^\<k are stationary with reipect to one anf^ther. 

If we energize the itotor from a cpnitant frequency source, the ttator 
field revolves at constant angular velocity. If we drive the rotor at various mechanical 
speeds we con verify the relationship In (9-7) by checking the frequency of the voltage 
Induced In the rotor. In order to prevent the Induction, or asynchronous machine, 
from developing a torque and to permit driving It at some desired speed, we must leave 
the rotor open circuited* Actually, this configuration has been used commerlcolly 
OS a frequency changer I 

The connection dloQraifn for Investigating the rotor voltage-frequency 
relationships Is. shown In Figure 9-1. The d.c, drive motor should be varied from 
OS near zero as possible to maximum ^fe iQ^ed In each direction of rotat^n or the 
direction of rotation of the Induction machine stator con be reversed by Interchanging 
two phase leads. The Idea Is to vary slip cr 6ver the range 0,2 to 2^ and observ^ 
the rotor voltage and frequency. Frequency Is measured by means of the Llssofous 
figure on a cathode ray oscilloscope. Rotor voltage con be measured by a voltmeter 
with appropriate frquency response. 

In your report, discuss the phenomena observed and display graphically^ 
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Exp«rtm«nt 11 



The Spstd-Torqug C urv o f^on I ndupHon Motor 

ft 

In the Uctura, fh% approxImoHpn to t he. spMd-torquf ralottonshtps of th^ 
induction motor ts drfvad as:. 

2 Tm 



m 



where 

Tm = maximum, or "breokdown", torque 

j'lp which Tm occurs 

T - torque at any slip, o • 

This opprDxImotlon is* bosed on the assumption that stator resistance can 
be neglected In the st^dy state behavior* 

In this lab exercise, connect the Westlnghouse universal machine q% an 
Induction mcitor (tefer to the schematic 6f the machine). Energize the machine 
from the 120 60 cps, 3 phase source and record speed dpdl torque after obtaining 

suitable calibration of the transducers. From the data obtained/ colcutbte the constants 
In the approximation above and plot the approximation on the some sheet as the 
actual observed characteristic Is plotted In order to evaluate th^^ validity of the 
approximation for this machine. 



